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19 ASSTRACTY
7'In current aircraft, near’y all the flight parameter information available to the

pilot is transmitted to hin. visually, whether under visual contact or instrument
flying conditions. It has long been recognized that during instrument flying con-
ditions the task of scanning just the essential instruments is a taxing, fatiguing
one. It may be that displays using information from other modalities can alleviate
the demands of this task. Tactual presentations possess considerable promise of
being suitable substitutes for visual displays in flight-control applications. The
goal of this program is to develop tactual displays that can be utilized for flight
control.”. This work is being conducted in three distinct phases. (a) Review and
selection of-elemental tactile transducers (tactors) for operation in arrays.

(b) Development of tactile display configurations suitable for application to the
aircraft problem. (c) Evaluation of the man/machine tracking performance for
multiaxis data utilizing the tactual arrays together with suitable dynamic simula-
tion of aircraft motions. Phases a and b are essentially complete and are reported
herein, and Phase c is just geiting underway.
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SUMMARY

In current aircraft, nearly all the flight parameter information available to
the pilot is transmitted to him visually, whether under visual contact or instrument
flying conditions. It has long been recognized that during instrument flying condi-
tions the task of scanning just the essential instruments is a taxing, fatiguing one.
It may be that displays using information from other modalities can alleviate the
demands of this task., Furthermore, the importance of maintaining continuous
attention to the visual scene outside the cockpit is being increasingly realized for a
number of situations. Traditional panel-mounted visual displays do not permit this,
whereas display of information to cther modalities could free the eyes substantially
from tasks inside the cockpit.

Tactual presentations pnssess considerable promise of being suitable sub-
stitutes for visual displays in flight-control applications. The goal of this program
is to develop tactual displays that can be utilized for flight control.

This work is being conducted in three distinct phases.

a. Review and selection of elemental tactile transducers (tactors) for
operation in arrays.

b. Development of tactile display configurations suitable for application
to the aircraft problem.

cr Evaluation of the man/machine tracking periormance for multiaxis
data utilizing the tictual arrays together with suitable dynamic simulation of air-

craft motions.

At this time Phases a and b are essentially complete and Phase c is just
getting underway.

Much dependence has been placed on the results of a literature survey in order
to limit the number of tactcr types requiring experimental evaluation. Tactor
arrays utilizing vither piezo-electric/bimorph elements or coaxial-electrode elec-
trocutaneous transducers have been chosen and multiaxis display configurations
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(Section 2.2) have been generated with the goal of optimizing performance, while

at the same time minimizing syslem complexity, size, weight, and cost. Excitation
formats that are analogous to known perceptions have been sought to minimize sub-
ject training time. Evaluation of the candidate displays as described in Section 6
will utilize instrument rated pilots.

Based on the results of this evaluation, a preliminary design specification and
program plan will be developed describing a tactile system that would be evaluated
in a sophisticated aircraft flight simulator in a follow-on phase.

Since formal evaluation of the tactual flight control displays is just getting
underway, work to be reported on in this document will include a description of
the developed equipment and preliminary tests and observations as well as detailed
procedures for conducting and evaluating the '""formal'" psychophysical experiments.
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SECTION 1
INTRODUCTION

During the last two decades, significant research and developmental efforts
have been devoted to improving cisplay techniques used in supplying information
to the human operator in the flight environment. Almost invariably, this effort
has been devoted to the visual domain to the relative neglect of the other sense
modalities.

We suggest that not only is data presentation to other sense modalities
possible, but for some aircraft flight situations, displays using other modalities
could lead to important gains in performance. Therefore, we have undertaken to
explore the feasibility of tactical flight displays.

It is reasonable to assume that simple or single dimensional control tasks
can be adequately controlled using other than visual displays, but this cannot be
assumed for more complex displays. Accordingly, evaluation of multi-dimensional
tactual displays which represent several different ways of presenting information
for control of the aircraft flight path is now underway.

A systematic evaluation of the feasibility of tactual displays probably should
be carried out in three separate phases: (1) initial design and laboratory evalua-
tion, (2) evaluation utilizing full-task simulation and, finally, (3) flight test.

The work now in progress under our current contract covers the first phase
of such a prog~am, and is described herein. We have developed a flexible display
apparatus which has allowed us to design and evaluate several different tactual dis-
play configurations. A comparative experimental evaluation is planned that will
permit the selection of the superior display configuration(s). /nalysis of the track-
ing data using an optimal control model will allow us to evaluate the pilot's control
strategy, and various pilot-related parameters. This will permit us to formulate
some generalizations about performance using tactual displays. Also we planto
compare the tactual display selected with the standard visual displays used in the
same basic flight control task. The series of experiments, now underway will
allow initial evaluation of the feasibility of tactual displays and will provide an
indication of the desirability of pursuing the later phases of evalaation.

e ——
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This report covers the accomplishments of our first six months of effort,
and our detailed plans for the remainder of the program.

Work under the initial six month period was accomplished physically at
Sanders Associates and was culminated by the completion of four two-axis displays,
together with the A-D input buffer, tactor control-logic and driver electronics.
Electrocutaneous and bimorph tactors are utilized in each of two configurations.
The first configuration uses thirteen (13) tactor elements in an X-Y array with the
tactors in fixed positions. The second ''movable-tactor-display' has provisions
for driving as many as thirteen (13) transducers, and allows evaluation of tactor
separation for X-Y and H display configurations.

At this time, the equipment is being integrated with the tracking facility at
Bolt, Beranek and Newman.

1.1 PROELEM DEFINITION

1.1.1 DISPLAY REQUIREMENTS IN MODERN AIRCRAFT

In current aircraft, nearly all the flight parameter information available to
the pilot is transmitted to him visually, whether under visual contact or instrument
flying conditions. It has long been recognized that during instrument flying condi-
tions the task of scanning just the essential instruments on a standard panel is a
taxing, fatiguing one (Chapanis et al., 1949, p. 251). Since the late 1950's there
have been several trends away from reliance on the standard panel-mounted dis-
plays. The Air Force first expended significant effort on designing an integrated

. instrument panel utilizing vertical displays in order to reduce the time required to

scan the instrument array and to reduce the incidence of pilot-reading errors,
particularly with regard to altitude.

Although most integrated displays contrituted to a reduction of the "within-
panel" scanning load, other related flight display problems were being experienced.
As aircraft increased in weight, velocity and vertical speeds, there was a growing
realization that, on approach to landing, the pilot should be able to maintain his
gaze continuously out of the cockpit at the flight path ahead. The requirement to
alternate attention between the instrument panel and the external world handicaps
this maintenance of attention outside the cockpit, which is so important particularly
under marginal visibility conditions. As systems become more automatic, the
pilot will be used more and more as a visual monitor, and this visual requirement
will continue to be important.

In response to this need, '"head-up'' displays began to be developed. These
displays project needed flight parameter information on the pilot's windshield so
that he can maintain attention to the flight path ahead while having flight display
information immediately available. The projected displays can be collimated to
allow the pilot to maintain visual focus at infinity. This type of display, although
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eliminating the shifting of gaze and eye refocussing (accommodation), has not met
with extensive use except in the very limited application of military aerial gun
sights, although development work continues.

Investigation has shown that the minimum time required to accommodate
from outside the cockpit to the instrument panel, read an instrument, and then
return to viewing the external scene is approximately 2.5 seconds (Gabriel and
Burrows, 1968). Such large time measures indicate that this transitioning con-
stitutes a significant loss in the time available to the pilot for actually proczssing
visual information.

Mid-air collisions frequently can be attributed to the fact that pilots were not
maintaining sufficient viewing of the outside scene. Zeller and Burke (1968) found
that 80% of military mid-air collisions occur in daylight under contact conditions.
Thus, neither poor visibility nor increasing air speeds can be major contributing
causes of mid-air collisions, (Tibbs, 1962); it seems fair to say that lack of ex-
ternal viewing is a major factor. Pilots tend to use extra-cockpit visual informa-
tion only a small proportion of the time available (Lybrand et al., 1958).

That maintenance of attention to the external scene around the cockpit is still
a critical problem is attested by the fact that the Federal Aviation Agency is cur-
rently considering an amendment on this topic to Federal Aviation Regulations.,
Such an amendment would provide for mandatory time-sharing scan training to in-
crease the effective time the pilot looks out the window. Time-sharing here refers
to alternating attention between inside-the-cockpit information and external-scene
information. Studies (Pfeiffer et al., 1963; Gabriel and Burrows, 1968) have shown
that appropriate training can improve skill in time-sharing, scanning the outside
scene, and hazard detection. However, such gains are limited to the exient to which
they can be exploited. The requirement for transitioning provides a lirnit to the
effectiveness of time-sharing.

In the military situation, two types of operational conditions are even more
critically dependent on maintenance of visual attention outside of the cockpit. Close-
in ground battlefield support by aircraft of many different types constitutes a
particularly important circumstance for continued maintenance of attention out of
the cockpit. For an anecdotal operational aescription, see Shore (1969, pp. 86 -
90).

Of ever. greater importance is the emphasis that both the Air Force and Navy
have recently given to the need for development of air superiority aircraft, as
represented by the F-15 and F-14. Such aircraft will probably be capable of carry-
ing missiles, for use in the aerial-combat (dogfight) situation, that would permit
target acquisition and weapons lock-on at angles well off the longitudinal axis of the
aircraft. In the dogfight, there has always been a high premium on the pilot main-
taining constant direct visual contact with the adversary. This has been shown to
be no less important in modern generation aircraft, and persists even though air-
to-air missiles are being developed that are slewable and as such do not require




i direct orienting of the aircraft towards the target before release of the weapon. -

' This requirement for direct visual contact means that little or no opportunity is

t available to the pilot to obtain display information from the usual panel-mounted
displey or head-up displays. The latter displays are feasible only for limited L
forward-looking fields of view (about 15° visual angle).

One proposal that has received attention recently is the use of helmet- -
mounted visual displays utilizing small-sized cathode ray tubes; on these, informa-
tion can be displayed to the pilot continuously no matter what the orientation of his
head relative to the axes of the aircraft. These displays have achieved relatively =
high brightness levels and low weight and can be considered a feasible solution
However, they have the inherent disadvantages of adding additional weight to the
helmet, which is undesirable particularly in high-g maneuvers, of being a hazard
during ejection, and of introducing the possibility of interfering with the pilot's
vision throvgh binocular rivalry effects.

Displays to sense modalities other than vision have the advantage of present-
ing ~ontinuous information to the pilot independent of his head position and eye
orientation but probably would not suffer any of the disadvantages described for
helmet-mounted displays. INot only can display of information to other modalities
free the eyes substantially from tasks inside the cockpit, it is reasonable to expect
that such displays could alleviate the demands of the visual scanning task as well, -

The non-visual display provides a close coupling between the stimulus and the
operator,

1.2 SOME PROPERTIES OF VISUAL DISPLAYS

It is a fair statement to say that the visual sense is truly dominant in the area J
of information displays. 1t has a number of properties that account for this, Prin-
cipal among these is the spatial characteristic of this modality, i.e., its ability to {
place objects accurately in space and to allow magnitudes to be represented on a
li:iear geometric scale. 1t also has very fine resolution capabilities,

However, this emphasis on visual displays has led to the evolvement of Sys-
tems that require very complex arrays of visual displays. The aircraft cockpit
and plant process control rooms provide the best two examples of such complexity.
The human operator gains information serially from the separate displays by scan-
ning across the array and gathering data from each instrument in turn. This scan- |
ning requirement allows the operator to select the specific information required U
from the maze of information available, but at the cost of a considerable workload,
1t has long been recognized that instrument flight is demanding and that, at « rucial
stages of the flight (e.g., during letdown procedures), it taxes the limit of the B
operator's information processing capacity., A good deal of this workload can be
attributed to the scanning requirements. Senders (1955, 1964) has analyzed the
task load of visual instrument scanning in information theoretic terms. 3
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This is not to say that the ability to make eye movements per se is the
limiter of performance in such situations, although eye-movements do take a finite
time. It is more appropriate to regard the huinan in such situations as being
limited by his central information processing capacity. However, when arrays of
visual displays are used, some of thie pilot's capacity is taken up by the need to
organize the visual scan around the array and to apply the appropriate scaling and
meaning to each indicator in turn.

1.3 NON-VISUAL INFORMATION DISPLAYS

Two other modalities, the tactual and auditory senses, seem to hold good
promise for use in information displays. The olfactory, taste and vestibular sys-
tems must be regarded as relatively unimportant for such applications.

Both the tactual and auditory senses are capablz of permitting relatively fine
discriminations on the dimensions of frequency, intensity and duration. For a
discussion of the parallels between the auditory and tactual senses, see Békésy,
1959. Information can also be coded in these systems according to the pattern and
spectral composition of the stimulation. Location is a suitable coding dimension
in the tactual modality since stimulators can be positioned over large areas of the
body; unfortunately, absolute spatial position is more difficult to represent audi-
torily. However, by suitable intensity and phase differences between sounds
occurring at the two ears, the location of the composite sound occurring within the
head can be varied. Such dichotic stimulation can only yield a relatively small
number of distinct spatial locations.

Either auditory or tactual (vibrotactile or electrotactile) displays have been
proposed for a number of different applications. These include warning signals,
sensory aids for the blind either as navigating devices or as substitutes for Braille,
computer output displays, sonar, vehicle control, speectk displays for the deaf, a
Morse code substitute, and communication in noisy environments. In the field of
aircraft displays, both auditory and tactual displays have been studied for system
applications. However, only the auditory sense has been subjected to any real
systematic study.

1.3.1 AUDITORY FLIGHT DISPLAYS

Tonal signaling systems as flight displays, have been studies in several
different contexts, although only one simple application has found widespread use.
The radio range signaling system makes use of frequency discrimination to dis-
play a single-variable tracking signal, namely, flight direction. Developmental
work has been carried out on more complex displays in order to supply to the pilot
all required information to enable him to maintain a required flight path. This was
referred to as flying by auditory reference (FLYBAR) (Forbes et al., 1945; Flynn
et al,, 1945). This program, although it achieved significant progress towards a
feasible system, did not yield an operational system beyond the experimental stage.

G . . @& 0




At least one of the systems developed for displaying the necessary flight param-
eters yielded performance in a Link Trainer that was comparable with the usual
visual instrument panel but only flight along a straight course was studied. Although
definite evidence is not present in the literature, it is reasonable to speculate that
there were two contributing reasons to the lack of final success of the project.
First, when the pilot was required to perform the three different types of action
required by the display in a very demanding task, the standard visual display
yielded superior performance than the best auditory display. Second, aural com-
munications are of such importance both within the cockpit and with ground stations
that, unless an auditory display should show significantly superior performance,

it could not be justified because of possible interaction with speech communications.

1.3.2 TACTUAL FLIGHT DISPLAYS

Tactual displays can offer two possible advantages over auditory displays for
presentation of basic flight control data, First, tactual displays should not interfere
in any real way with speech communications. Second, th« tactual presentation is
not limited in its ability to present information in a spatial pattern. This could be
important in striving for realism in a display that is presenting information on
vehicle orientation, attitude and location in space.

Ballard and Hessinger (1954) proposed a vibratory display system for air-
craft control. They used four vibrators mounted on the thumb, each driven at one
of three frequencies. Two of the vibrators provided roll information and two pro-
vided pitch. The frequency of vibration indicated the magnitucde of the error, and
the direction of error was indicated by the particuler vibrator .ctivated. Ballard
and Hessinger installed their device in a Link Trainer, but apparently no results
of the evaluation have been reported in the open literature.

Other applications of tactual displays to vehicle control have supplied vibra-
tory information as supplementary information to the primary visual display. One
such aircraft control experiment by Hirsch and Kadushin (1968) presented rate-of-
error information tactually and error information visuaily. The controlled dynam-
ics were representative of aircraft characteristics. When the tactual display was
added to only one dimension, a small but significant improvement resulted. When
added to a second tracking dimension, subjects became confused by the display,
probably because of the lack of spatial separation between the vibrators for the two
dimensions. The tactual display consisted of two on-off vibrators on the thumb and
index fingernails of the hand holding the control stick. Fenton (1966) used a tactile
display to give headway information in car following. The display consisted of
kinesthetic force from a moving button mounted in the handle of a control stick,
The addition of the display greatly reduced the headway variation, particularly
when quickening was added.
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1.3.3 TACTUAL TRACKING STUDIES

In addition to those rel:ting specifically to vehicle control, a number of
experiments dealing with the characteristics of tactual tracking have been reported.
"he majority of these, like all the studies on vehicle control, had the difficulty
that they relied on the overall measurement of system error for performance
measurement. As Hill (1970) points out, while such overall measurements are
adequate for comparing performance within a given -vperiment where command-
signal bandwidth and amplitude as well as the plant dynamics are constants, it is
not satisfactory for comparing displays evaluated in experiments where these
parameters are all different. Hill (1970), Weissenberger and Sheridan (1962), and
Bliss {1967) all utilized describing function analysis to characterize the operator's
performance of the system. This enabled the gain and time delay of the human
using a given display to be evaluated more or less independently of the controlled
dynamics and properties of the input signal. Such analysis is very desirable if
comparison is to be made from one experiment to another and from display to dis-
play. Application of even more sophisticated techniques of analysis, where the
operator's performance can be also described in terms of the observational noise
in the operator's input system (Levison, 1971), allows the perceptual effects of
any one display to be directly reflected in a single parameter of a model. This
affords an even more detailed description of the hurnan's performance independent
of the specific situation except for the particular display characteristics. What
information can be gained from tracking studies will be described later.

1.3.3.1 Tactual Versus Visual Tracking

In a number of the above studies, evaluation of tactual tracking performance
has been made using visual tracking performance as a reference (Howell and Briggs
1959; Bliss et al, 1966a; Seeley and Bliss, 1966; Bliss, 1967; Hill, 1970). In some,
attempts were made to use visual displays that were equivalent to the tactual dis-
plays used (in spatial layout, dimension of coding used, etc. ). Howell and Briggs
found that vibrotactile and a similarly quantized visual display gave similar per-
formance for one-dimeasional tracking. In a two-dimensional task, Seeley and
Bliss found that quantized spatially-coded tactile and visual displays gave very
similar results over a range of input signal bandwidths and display gains, although
a continuous visual display yielded superior performance. Bliss et al (1966b, 1967)
used similar tactile and visual displays in a single dimension task, and analyzed the
results by model-fitting. He found that the tactile display movements caused by
the operator were slower than visual, although reaction times with both a tactile
and similar visual display were faster than either display alone. Using describing
function analysis, he found that with continuous tactile displays the human showed
less gain than with visual displays but had the same bandwidth. Hofmann (1968)
compared tracking accuracy in a compensatory tracking task with visual, auditory
and electrocutaneous displays; great attention was devoted to making the displays
""equivalent'" by equating perceived magnit-des of signals, coding in the same
fashion, etc. His investigation showed that auditory and cutaneous displays were




more effective than the visual display. Hill (1970) found a "ripple' tactual display
yielded superior performance to a standard, continuous CRT visual display.

It is appropriate here to enter a caveat. The reasoning behind the choice
of '"equivalent'" displays is apparently that, if the displays are equated in some way,
any findings relating to differences between modalities are generalizable in some
way. Three comments can be made here. Results of experiments did not conclu-
sively favor one modality over another, which indic-tes that, at very least, the
ordering depends on the type of coding in the display. Second, it is not at all clear
that one can truly define in an ad hoc fashion what an ""equivalent' display is. Third,
surely if the question of relative performance between modalities is asked in an
applied context, the question then becomes one of comparison between the optimal
or standard displays in each modality rather than between displays that are equiv-
alent. The final choice between displays is one of system requirements rather
than of an absolute selection of modality,

In summary, experiments thus far have showr that tactual displays can be
used effectively for tracking tasks, and in some circumstances, tactual presenta-
tion can yield performance superior to a visual display.

1.3.3.2 Tactile Display Location

Many different parts of the body F-ve been used as stimulator positions: the
face, neck, chest, back, arm, vrrist, back of the hand and fingers. Although
formal comparison across studies is rot realistic, the general location of the
stimulus set does not appear to be critical. Bliss (1967) compared single axis
tracking with the same display stimulating either the palmar side of the hand or
the forehead, and found performance to be unaffected by locstion. Hill (1970)
varied the position of the two stimulators he was using for display and found that,
over a variety of positions, tracking performance was not significantly affected by
location; the locations did rank order in performance as follows: stimulators
attached one to each arm yielded the best performance, followed in order by two
fingers, one fingertip, the forearm, and upper and lower left arm.

For any chosen location, however, one must pay attention to the discrimi-
nability between stimuli at the various display locations, This should take irto
account two-point discrimination thresholds, etc. For example, the confusion
subjects experienced in two-dimensional tracking that was found by Hirsch and
Kadushin (1968) can be probably attributed in part to the lack of discriminability
between the stimuli applied to the thumb and forefinger.

Selection of body locations previously used appeared to be based on ease of
accessibility and social acceptability (without requiring removal of much clothing).
Only two studies (Geldard, 1959; Durr, 1961) have attached stimulators to the
large skin areas associated with the torso so as to allow maximum spacing and
hence spatial discriminability between stimulators although work at Pacific Medical
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has required subjects in one system to rest their back against an array of stimu-
lators fixed to a chair back and in another to apply an array of electrotactors to
the abdomen. In the classic studies of Geldard (1959), the vibrators were attached
to tho chest and Durr (1961) also used the chest. Either the back or the chest
wouid appear to have the same advantages: spatial discriminability, relatively
homogeneous surface, and relatively smaller changes in properties during changes
of position in the body.

1.3.3.3 Type of Stimulation

Three different types of stimulation have been usec in tactical tracking
studies: mechanical vibrators, electrocutaneous, and air-jet pulses.

Electrocutaneous has been used relatively infrequently (e.g., Hofmann, 1968;
Schori, 1970). The cutaneous sensation is very dependent on the nature of the
electrical contact between the skin and stimulator. The range of stimulus magni-
tudes that can be used between absolute threshold and those levels at which pain is
experienced is quite small. The type of sensation experienced depends greatly on
the location of the contactor. However, work on this type of stimulation continues
at some institutions (e.g. Pacific Medical) and it cannot be dismissed as a possible
stimulation type.

Air jet pulses have been favored as tactile stimuli by several investigators
recently (Bliss et al, 1966a, 1967; Sceley and Bliss, 1966; Hill, 1970). The advan-
tages of air jet stimulation are that relatively uniform stimulation can be produced
over non-uniform cutaneous surfaces and that the arrangement of the stimulators
can be easily adjusted. 1ts disadvantage is relatively difficult instrumentation,
which would be particularly true in a rapidly changing altitude environment,

Mechanical vibration has been most widely studied since Geldard (1959)
showed that this form of transduction can be used by the human to accept relatively
high information input rates. It can afford a simple means of supplying tactual
stimulation. Electromechanical tactors can be made smaller than bimorphs, but

dissipate power which can cause a temperature rise problem when used for long
periods,

1.3.3.4 Frequency of Stimulation

A relatively wide range of vibration frequencies can be used for coding a
tactile display., Rogers (1970) has shown that, for recognizing spatial arrays,
the highest frequencies tested (160 Hz) yielded best performance. On the other
hand, Talbot et al. (1968) suggest that the greatest sensitivity to vibration has
been in the 200 to 300 Hz range. In order to deliver suprathreshold stimuli with
minimum power requirements, it would be advantageous to operate stimulators
in this frequency range. On th other hand, the same authors report that a differ-
ent {requency range appears to be best for spatially localizing stimuli. Subjects
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report the loss of this ability as the frequency is raised above 40 Hz. For high
frequencies, there is reported a deeper, more diffuse ''vibrating'' sense. Thus,
for optimum perception of spatial information, the frequency should be low, per-
haps 20 to 40 Hz. Hahn (1968) has isolated two tactile systems for the human
finger corresponding to these two ranges of stimuli.

Thus, the choice of stimuli frequencies represents a trade- off depending on
the relative importance of spatial localization.

1.3.3.5 Stimulus Coding

A number of different stimulus dimensions have been used to code stimuli.
Geldard (1959) first used several in combination to allow high information trans-
mission rates to the human: frequency, pattern, duration and location. intensity
is not a good coding dimension because sensitivity to amplitude differs over areas
of the body and suffers with adaptation.

Some facrors relating to coding of displays has emerged recently from the
literaturc. Eijkman (1970) found that, with a tactile display on the forehead, sub-
jects could track tactile stimuli in the horizontal axis very well, but that the
vertical position was imperfectly perceived by the subject. The vibrating con-
tactor was felt quite clearly, but it was the sensitivity for position (below or above
the center point) that was poor. This indicates the importance of appropriate
spatial localization when spatial coding is used.

Use of the inter-stimulus intervals of 50 to 100 msec (Sherrick and lhodgers,
1966) has shown that the phi (apparent movement) phenomenon exists in the tactual
sense as well as the visual. However, it does not appear to be an important factor
in the coding of displays. Those authors wiio have studied the effect of apparent

movement on the display have not found any enhancement of performance (Hill,
1970; Howell and Briggs, 1959),

The use of mechanical or electrical stimulators means essentially that
tactual displays are quantized. However, there is an interaction among multiple
stimuli; perhaps this occurrence can be exploited to provide a continuous display.
The phantom-sr-sation phenomenon has been discugsed by several investigators
(Alles, 1970; Békésy, 1959). Two equally-loud stimuli presented simultaneously
to adjacent locations on the skin may not be felt separately but may combine to
form a sensation midway between the two stimulators. This phantom sensation
is affected by separation of the stimuli, their relative intensity and temporal
order. In some respects, it is often described as the tactile equivalent of direc-
tional hearing, although more affected by relative amplitude than phase. By
varying the relative characteristics of the two signals, the sensation can be made
to move continuously between the two tactor positions. Further related work has
been reported by Geldard and Sherrick (1972).

10
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1.5.3.6 Display-Control Compatibility

The importance of the factor of compatibility is illustrated by the results of
Weissenberger and Sheridan (1962) who found that better tracking performance was
obtained when information was sensed at the location where the manipulated object
is grasped rather than at a separate location. Apparently, in this case, the trans-
lation of signals into motor actions was in some sense optimal, Considerations of
coding tactually should take into account the compatibility with the controls. The
optimal display format and relationship to the controls need not necessarily corre-
spond to that which is best for a visual analog. Further, the coding should mini-
mize figure-ground confusion and the possibility of perceptual errors (reversals,
etc).

1.3.3.7 Masking and Adaptation

Effects of masking should be considered before selecting a particular display.
A number of authors have referred to both intra-sensory and inter-sensory inter-
actions (Vernon, 1953; Alluisi et al, 1965; Geschieder and Niblette, 1967; Gilson,
1969a, 1969L). Although the literature does not allow one to make specific state-
ments, it is clear that the possible effects of masking should be explored when
evaluating the design of a display. However, the literature does not suggest that
any significant anomalous effects occur.

Adaptation effects do occur in the tactual modality, and adaptation with steady
pressure to the skin is apparently more marked than that found in vision or audition.
However, mechanical vibration (or other dynamic means of stimulating the skin)
apparently demonstrate only a slow increase in threshold value when vibratory
stimulation is continued for a significant period of time (Geldard, 1940). Also, in
displays such as we are considering here, no single stimulator is likely to have a
significant proportion of un-time. Adaptation is very unlikely to be a factor of any
significance in dynamic tactual displays, Nevertheless, because of the slow change
in sensitivity, coding by intensity is not desirable.

1.3.3.8 Other Relevant Variables

A number of other factors relevant to the design of a display are considered
in the literature: the effects of vibrator area (Verrillo, 1963), handedness of the
operator (Weinstein and Sersen, 1961), temporal summation (Verrillo, 1965), and
time-sharing (Brown et al. 1965; Fransen, Markowitz and Swets, 1968) constitute
a representative list,
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SECTION 2
INITIAL SELECTION OF DISPLAY PARAMETERS

The program objective is to design, fabricate and evaluate a multiaxis tactile
display utilizing present state -of-the -art tactor technology. There are two basic
methods of simulating the sense of touch, mechanical vibration s.d electrical
excitation, both of these methods have been explored relative to their methods
of coding and their limitations. The arrangement of the tactors to form a display
capable of properly communicating the desired information is no less important
than the selection of the tactors. Display parameters such as physical size, power
dissipation, safety, data updatc rate, dynamic range have been integrated with the
information requirements of error magnitude and direction and error rate to gen-
erate an optimum display format for tactile aircraft control.

2.1 TACTORS

The cutaneous stimulator (tactor) requirements for this program exceed
those normally sought for most applications. Most work has been associated with
applications wherein the tactile display is the primary data channel, hence the

required tactor stimulation magnitude has to only be high enough to provide reliable
perception. In this program the visual sense remains the predominant or primary
data channel and the tactile display information must compete with this ''noise' and
be perceived. Our quest for tactors has focused on obtaining one which will provide
a strong enough stimulation to be sensed ir the presence of additional inputs to
other modalities, yet small enough to be aaaptable to a multiple-element-display.
Stimulators such as Bice's vibrator, Sherrick's vibrator, permanent magnet
solenoids, piezo-electric bimorphs, and electrodes of various types had been
considered, but only electrotactors and bimorphs were explored to any degree.

An electrotactor, similar to those utilized by Collins and Saunders (1970
was tentatively selected and has received our prime emphasis due to its obvious
superiority in such parameters as size, weight, power required, and data rate.
Subsequently it was decided to construct a number of large bimorph tactors in
a parallel development since the electrotactor did not appear to be entirely

""comfortable'’ to all the investigators using it. Subjective sensations of those
experimenters (30% of the total) are described as a mild stinging or burning.
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Tactor parameter comparisons are shown in Table 2-1 for the tactors that
we have evaluated. The information is tabulated to provide a direct comparison
of some of the important parameters of the tactors. Figure 2-1(a) illustrates the
tactor excitation necessary to obtain satiefactory stimulation levels. When an
array of tactors are used, the excitation period of an individual tactor should be
as short as possible so as to maximize the potential data rate of the display.

2.1.1 ELECTROTACTORS

Electrotactors stimulate the sense of touch by short duration, constant
current pulses through the skin. Our work in this area has been to vary the elec-
trical and physical parameters to obtain a maximum comfort-intensity level, i.e.,
a stimulation that is well above threshold but yet entirely acceptable or comfort-
able. Quite a bit of experimental work has been done in this area, but much of the
prior experimentation employed a single conductor electrode with a large return
plane at a remote location on the body. TLis type results in through-btady-
conduction which we considered objectionable for an array using a large number
of tactors. Guided by the work of Gibson (1968), Saunders and Collins (1970, 1971,

we fabricated and evaluated a number of different coaxizl electrodes which are
described in Table 2-2 and Figure 2-2,

Skin preparations of saline solutions and alcohol were investigated with the
result that alcohol by itself appeared the most effective. Cleaning the skin prior

to applying the tactors minimizec s the time required to adapt to the electrotactors.

Three A type tactors were the first fabricated because of the immediate

availability of the material - BNC connectors and silver epoxy. All other tactors
were fabricated using sterling silver electrodes.

Tactors B, C, and G operate identically for the most part except that two
subjects stated Tactor C was more comfortable than Tactor B. Tactor G differs

from C only in the annular insulation width; it has 1.2 mm, while C has 0.7 mm.
This made no psrceptible signal or sensation difference.

Tactor F was the first major departure from the geometry of the initial
tactors. It has a small 1/16 inch diameter center electrode &nd the annular space
between the inner and outer electrodes was not filled with epoxy. As expected,
the touch threshold level was less than that required for larger electrodes. The
initial sensation appeared more sharp, but when stabilized, the sensation intensity
can be adjusted to the same levels as experienced with the 5 mm diameter elec-
trodes except less current is required.

Tactor E was fabricated with the hope that the larger area would provide a
stronger, yet comfortable signal; as it turned out though, the same ""comfortable -
sensation-intensity" was reached at the price of higher peak current. About 10 ma

were required to create an intensity equivalent to a 5 ma sensation with the smaller
tactors.
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Tactor D was fabricated to test whether or not the insulation width had any
major effects on operation. There may be some minor effects, but for our pur-

poses it produced the same intensity. What all this means is that the single tactor
comfort/intensity level cannot be increased by varying tactor geometry and drive

signals, but can be reached by a suitable selection of these parameters.

It was observed that threshold current and maximum comfort current are not
directly proportional to electrodr area. This is probably due to the edge effect
wherein the electrode peripheries bordering the insulating annulus have a greater
current density than the balance of the electrode areas and the sensation level is
proportional to current density.

Minimal data were taken to arrive at the threshold levels listed in Table 2-2.
All the data were taken by a single experimenter.

The final tactor geometry selected for application to the arrays was type A,
made with sterling silver electrodes and I.CA-4 as the insulator; the total thickness
of the tactor is around 2. 6 mm.

2.1.2 VIBROTACTORS

Vibrotactors stimulate through skin contact with a vibrating elemeut; common
forms are electromagnetic, piezoelectric, and pneumatic. The electromagnetic
tactor can be designed to exceed the required force-displacement threshold any-
where on the body (pneumatic and even hydraulic tactors also share this freedom).
They are bulky and adaptable most readily to fixed installations, such as chairs.
One of the best electromagnetic tactors known at this time is the one designed by
Holmlund and Collins (1970). It is 65 mm long, 13 mm in diameter, and uses a
domed 2 mm diameter tip to poke the skin. It is 2 solenoid with a permanent
magnet armature. With 30 to 50 volt peak, hzif sine wave, 60 Hz pulses, it easily

exceeds touch threshold.

The air gap solenoid can also be used as a stimulator, but it too requires
a relatively long excitation period. Figure 2-3 shows the two types of electro-
mechanical tactors evaluated and rejected as possible tactors for display<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>